The polarized trafficking of axonal and dendritic proteins is essential for the structure and function of neurons. Cyclin-dependent kinase 5 (CDK-5) and its activator CDKA-1/p35 regulate diverse aspects of nervous system development and function. Here, we show that CDK-5 and CDKA-1/p35 are required for the polarized distribution of neuropeptide-containing dense-core vesicles (DCVs) in Caenorhabditis elegans cholinergic motor neurons. In cdk-5 or cdka-1/p35 mutants, the predominantly axonal localization of DCVs containing INS-22 neuropeptides was disrupted and DCVs accumulated in dendrites. Time-lapse microscopy in DB class motor neurons revealed decreased trafficking of DCVs in axons and increased trafficking and accumulation of DCVs in cdk-5 mutant dendrites. The polarized distribution of several axonal and dendritic markers, including synaptic vesicles, was unaltered in cdk-5 mutant DB neurons. We found that microtubule polarity is plus-end out in axons and predominantly minus-end out in dendrites of DB neurons. Surprisingly, cdk-5 mutants had increased amounts of plus-end-out microtubules in dendrites, suggesting that CDK-5 regulates microtubule orientation. However, these changes in microtubule polarity are not responsible for the increased trafficking of DCVs into dendrites. Genetic analysis of cdk-5 and the plus-end-directed axonal DCV motor unc-104/KIF1A suggest that increased trafficking of UNC-104 into dendrites cannot explain the dendritic DCV accumulation. Instead, we found that mutations in the minus-end-directed motor cytoplasmic dynein, completely block the increased DCVs observed in cdk-5 mutant dendrites without affecting microtubule polarity. We propose a model in which CDK-5 regulates DCV polarity by both promoting DCV trafficking in axons and preventing dynein-dependent DCV trafficking into dendrites.
Introduction
Neurons are highly polarized cells with molecularly and functionally distinct dendritic and axonal compartments that ensure the directional flow of information. The establishment and maintenance of neuronal polarity requires strict mechanisms for the polarized sorting of presynaptic and postsynaptic proteins to axons and dendrites, respectively.
Cyclin-dependent kinase 5 (CDK-5) and its cyclin-like activator CDKA-1/p35 regulate diverse cellular functions in the nervous system, such as cell migration, axon outgrowth, and synaptic transmission (Dhavan and Tsai, 2001; Cheung et al., 2006) . In particular, CDK-5 regulates the transport of membrane-bound organelles in cultured squid and rodent axons (Ratner et al., 1998; Morfini et al., 2004; Pandey and Smith, 2011) and was recently shown to promote polarized trafficking in Caenorhabditis elegans (Ou et al., 2010) . Ou et al. (2010) showed that CDK-5 and another cyclin-dependent kinase, PCT-1, regulate the polarized trafficking of synaptic vesicles (SVs) in cholinergic motor neuron axons by inhibiting retrograde trafficking by the minus-end-directed microtubule motor dynein. Interestingly, this polarity mechanism was cell type specific, because these kinases are required for the polarized trafficking of SVs in DA class motor neurons but, surprisingly, not in related DB class motor neurons (Ou et al., 2010) . This research raises several interesting questions regarding whether CDK-5 has a broader role in regulating neuronal polarity: (1) Does CDK-5 affect the polarized trafficking of other cargo, such as secreted cargo? (2) Does CDK-5 regulate fundamental aspects of polarity such as microtubule orientation? and (3) Does CDK-5 regulate any aspect of neuronal polarity in DB motor neurons?
We addressed these questions by investigating the role of CDK-5 in regulating the polarized trafficking of neuropeptides in motor neurons in C. elegans. Much research has focused on the molecular mechanisms involved in the polarized trafficking of transmembrane proteins to axons and dendrites, and SV precursors to presynaptic sites (Horton and Ehlers, 2003; Ou and Shen, 2011) . Less is known about the polarized trafficking mechanisms by which neurons target secreted cargo, like neuropeptide-filled dense-core vesicles (DCVs), to their sites of release. DCVs carry diverse cargo such as neuropeptides, neurotrophins, and peptide hormones, and are involved in modulating synaptic transmission, plasticity, and behavior (Li and Kim, 2008; Lessmann and Brigadski, 2009) . Unlike SVs, which are recycled and refilled with neurotransmitter at the presynaptic terminal, DCVs are packaged with their protein cargo at the trans-Golgi network in the cell body, undergo a complex biogenesis process, and must be continuously transported to their sites of release (Borgonovo et al., 2006; Dikeakos and Reudelhuber, 2007; Edwards et al., 2009; Sumakovic et al., 2009 ). In addition, depending on their cargo, DCVs can be targeted to release sites in axons and/or dendrites (Fisher et al., 1988; Landry et al., 2003; Lessmann and Brigadski, 2009 ). However, little is known about the mechanisms that control DCV targeting to either subcellular compartment.
Here, we show that CDK-5 is required for the polarized trafficking of DCVs in DA and DB motor neurons, and propose a model in which CDK-5 both promotes DCV trafficking in axons and prevents dynein-dependent DCV trafficking into dendrites.
Materials and Methods
Strains. Strains were maintained on OP50 Escherichia coli at 20°C as described by Brenner et al. (1974) . The following strains were used in this study: N2 Bristol, nuIs195 , ceIs72 , nuIs165 , nuIs174 , pzEx77 , pzEx107 ), pzEx114 , pzEx140 , pzEx133 , pzEx156 , pzEx220 :mCherry) (gift from Lars Dreier, University of California Los Angeles, Los Angeles, CA), cdk-5(gm336), cdk-5(ok626), cdka-1(gm335), unc-10(e102), unc-104(e1265), dhc-1(js319) , and dli-1(ku266). The cdk-5 allele gm336 is a predicted null mutation and consists of a 760 bp deletion that eliminates the start codon as previously described (Juo et al., 2007) . The ok626 allele is also a predicted null mutation that consists of a 1.6 kb deletion that eliminates the cdk-5 start codon but also deletes part of a neighboring gene T27E9.4.
Constructs, transgenes, and germline transformation. Plasmids were generated using standard cloning techniques, and details are available upon request. and were generated by subcloning cdk-5 from pV6::cdk-5 (KP#1414) and cdka-1 from pV6::cdka-1 (KP#1413) into the Punc-129 expression vector KP#1271. The unc-129 promoter contains a 2644 bp fragment upstream of the unc-129 start codon that was amplified by PCR using the following primers (ODS276, 5Ј-GGGGGGGCATGCGGAAACATGATATCGACGGAC-3Ј, and ODS277, 5Ј-GGGGGGGGATCCcttgcttgctcttccaattttcc-3Ј) (Sieburth et al., 2005) . Wild-type and kinase-dead cdk-5 were subcloned from pV6::cdk-5 (KP#1414) and pV6::cdk-5(D144N) (KP#1415), respectively, and inserted under the control of the unc-17 promoter. The unc-17 promoter consists of a 3213 bp fragment of the unc-17 5Ј-UTR that was amplified with the following PCR primers (UNC17-FWD, 5Ј-TTCACATCCCCCGA AATTTCC-3Ј, and UNC17-REV, 5Ј-GACTTTTAATTTATAAAATCA CATTTTG-3Ј).
The fbn-1 and ebp-1 open reading frame were obtained by RT-PCR from wild-type cDNA and subcloned under the control of the unc-129 promoter. NotI sites were introduced at the C termini of both genes and used to insert GFP to create and . GFP::DLI-1 was subcloned from Pjkk-1:: GFP::DLI-1 (gift from Naoki Hisamoto, Nagoya University, Nagoya, Japan) and inserted under the control of the unc-129 promoter to create Punc-129::GFP::DLI-1 (FJ#68). Transgenic strains were generated by microinjection of various plasmids at the following concentrations: 50 ng/l for , , Fluorescent microscopy and quantification. All imaging was performed using a Zeiss M1 AxioImager microscope. For all experiments, except for time-lapse imaging, young adult hermaphrodites were immobilized with 30 mg/ml 2,3-butanedione monoxamine (Sigma-Aldrich) for 5-7 min and mounted on 2% agarose pads before imaging. Images were taken using a Zeiss 100ϫ PlanApo objective (NA 1.4) and an Orca-ER (Hamamatsu) CCD camera. Maximum-intensity projections of Z-series stacks and line scans of fluorescent puncta were obtained using MetaMorph (version 7.1) software (Molecular Devices). For quantitative analyses of fluorescent ventral and dorsal nerve cord puncta, maximumintensity projections of Z series stacks (total depth, 1 m) were made. Exposure settings and gain were set to fill the 12 bit dynamic range without saturation and were constant for all images of a given fluorescent marker. FluoSphere yellow-green fluorescent beads (Invitrogen) were imaged daily to correct for day-to-day variation in microscope light bulb intensity. All images (unless stated otherwise) were taken from animals oriented with the dorsal or ventral nerve cord up, and laterally oriented animals were excluded. Images containing mobile INS-22::Venus puncta were excluded from analysis.
The unc-129 promoter drives expression of genes in a subset of DA motorneurons, which have processes projecting toward the head, and a subset of DB neurons, which project toward the tail (see Fig. 1 ). DA6 is the most posterior DA neuron with visible expression of fluorescent markers driven by the unc-129 promoter; thus, all fluorescent signal posterior to the DA6 neuron is derived only from DB neurons. To isolate only DB axons in the dorsal nerve cord (DNC), we drew line scans along the DNC posterior to the site of DA6 commissure entry. To isolate only DB dendrites in the ventral nerve cord (VNC), we drew line scans posterior to the DA6 cell body. In our analysis of microtubule orientation in the DB axons (see Fig. 4 ), we find that Ͼ95% of microtubules in this area of the DNC are oriented in the same direction, suggesting that this section of the nerve cord is not contaminated by fluorescent signal from DA neurons. To image INS-22::Venus primarily in DA neurons, we imaged anterior to the DA3 cell body for the VNC and anterior to the site of DA3 commissure entry into the DNC (see Fig. 1 , DA-rich region indicated). In most animals, there was no expression of fluorescent markers in any DB neurons in this region; however, in ϳ20% of wild-type animals, there was weak expression of INS-22::Venus in the DB3 cell body, suggesting that the vast majority of fluorescent signal in this section of the nerve cord is derived from DA neurons, with a small amount of signal from DB neurons.
Line scans of nerve cord puncta were generated using MetaMorph (version 6.0) and were then analyzed in Igor Pro (version 5) using custom-written software as previously described (Burbea et al., 2002) . Puncta intensity and density were calculated for each image. Puncta intensity is the fractional increase in peak fluorescence of each puncta over fluorescent bead intensity for that date. Puncta density is the average number of puncta per 10 m of nerve cord.
For DB6 cell body imaging, lateral and ventral up animals were imaged, and Z stacks were taken to a depth of 2 m. Average fluorescence of three fluorescent patches per cell body was measured using MetaMorph software, and then corrected for daily bead values and analyzed in Microsoft Excel.
For GFP::DLI-1 imaging, lateral and ventral up animals were imaged, and Z stacks were taken to a depth of 1 m. The fluorescence of the most posterior GFP::DLI-1 punctum in the VNC was measured using MetaMorph software, and then corrected for daily bead values and analyzed in Microsoft Excel.
Changes in puncta intensity and density were analyzed for statistical significance using Student's t test for two genotype comparisons and the Tukey-Kramer test for multiple genotype comparisons.
Time-lapse microscopy. For time-lapse microscopy of INS-22::Venus, young adult worms were paralyzed in 1.5 mM Levamisol (Sigma-Aldrich) dissolved in M9 buffer for 6 -7 min. Animals were mounted on 2% agarose pads containing 1.5 mM Levamisol. Time-lapse images were taken at 4 Hz speed for 20 s and saved as a Z series. For dendritic INS-22::Venus, movies were taken of DB6 dendrites in a region of the VNC between the DA6 and DB7 cell bodies (see Fig. 1 ). Because DB processes project posteriorly, all movements toward the tail were designated anterograde, and all movements toward the head were designated retrograde. For axon commissure time-lapse imaging, movies were taken of DB6 commissures in ventral-up and ventrolaterally oriented animals, with line scans drawn from the DB6 cell body to the last infocus INS-22::Venus punctum. These scans were used to generate kymographs in MetaMorph (version 7.1). INS-22::Venus puncta direction of movement and velocity were calculated by tracing these kymographs. Each mobile punctum was traced during its longest uninterrupted period of movement. Puncta were defined as mobile if they moved distances greater than twice their own width and at velocities Ͼ0.1 m/s. Puncta that changed direction were traced for both directions for analysis of puncta velocity and direction of movement, but were only counted once for analysis of total puncta. Kymograph traces were compiled for analysis in Microsoft Excel. Average anterograde and retrograde velocity, and the number of stationary and anterogradely and retrogradely moving puncta were calculated for each kymograph (i.e., worm), and these data were compiled for each genotype and analyzed in Microsoft Excel. For two genotype comparisons, Student's t tests were used to detect differences between genotypes. For greater than two genotype comparisons, the Tukey-Kramer test was used to detect differences between genotypes. The KolmogorovSmirnov (KS) test was used for puncta velocity comparisons.
Kymograph analysis using MetaMorph software was also used to measure the fluorescence intensity of mobile INS-22::Venus puncta in dendrites. The maximum fluorescence intensity of each mobile punctum was measured at the t ϭ 0 time point of each kymograph, to minimize the effects of photobleaching. Maximum intensity measurements were analyzed using Microsoft Excel and IgorPro (version 5). Occasionally, mobile INS-22::Venus puncta were observed to undergo a splitting event, in which a single punctum divides into two separate puncta during the time-lapse movie. While these events are rare, it suggests that a mobile punctum may represent more than one DCV. For this reason, splitting puncta were excluded from mobile INS-22::Venus fluorescence intensity analyses to enrich for puncta representing single DCVs.
For time-lapse microscopy of EBP-1 movement, animals were paralyzed in 2 mM Levamisol dissolved in M9 for 8 -9 min and mounted on a 2% agarose pad containing 2 mM Levamisol. In the VNC, line scans were drawn in DB6 or DB7 dendrites from the DA6 or DB7 cell body toward the tail. In the DNC, line scans were drawn toward the tail in DB6 axons immediately posterior to the site of DA6 commissure entry into the nerve cord (DB-only region is indicated on Fig. 1 ). Time-lapse images were taken at a speed of 4 Hz for 25 s. EBP-1::GFP direction of movement and velocity were calculated by tracing puncta in these kymographs. Only puncta that could be followed for 2 s or more were included. Occasionally, oscillating puncta were visible, consistent with reports from Stepanova et al. (2003) , and these puncta were excluded from analysis. Direction of movement and velocity of EBP-1::GFP puncta were analyzed using Microsoft Excel. Changes in percentages of plus-end-and minus-end-out microtubules were compared across genotypes using 2 analysis, with a Yates correction used for two genotype comparisons (i.e., 2 ϫ 2 contingency tables).
Results

CDK-5 regulates the polarized distribution of DCVs in DB motor neurons
We investigated whether CDK-5 regulates the polarized trafficking of neuropeptide-containing DCVs in DA and DB cholinergic motor neurons in C. elegans. Each DA/DB neuron has a simple polarized morphology consisting of a cell body and a single dendrite in the VNC, where it receives inputs, and a single axon in the DNC, where it makes synapses onto muscle and GABAergic motor neurons (Figs. 1, 2 A, D) (White et al., 1986) . DA class motor neurons extend their processes toward the anterior and are involved in backward locomotion, whereas DB class motor neurons extend their processes toward the posterior and are involved in forward locomotion (Chalfie et al., 1985; White et al., 1986; Haspel et al., 2010) . We used the unc-129 promoter to drive expression of fluorescent markers in a subset of DA and DB motor neurons ( Fig. 1 A) (Sieburth et al., 2005 (Sieburth et al., , 2007 . Figure 1 B shows an image of the VNC illustrating specific DA and DB cell bodies and processes that express soluble mCherry under the control of the unc-129 promoter. In this study, we imaged specific regions of the VNC (dendrites) and DNC (axons) to separate fluorescent signals from either DA or DB motor neurons (Fig. 1) .
To visualize DCVs in DA and DB motor neurons, we expressed a Venus-tagged neuropeptide, insulin-like protein 22 , under the control of the unc-129 promoter (Sieburth et al., 2005 (Sieburth et al., , 2007 . We chose the neuropeptide ins-22 because it is expressed in ventral cord motor neurons and has been implicated in regulating synaptic transmission at the C. elegans neuromuscular junction (Pierce et al., 2001; Sieburth et al., 2005) . In addition, INS-22::Venus has been well characterized as a DCV marker (Sieburth et al., 2005 (Sieburth et al., , 2007 Ch'ng et al., 2008; Edwards et al., 2009 ). In wild-type animals, INS-22::Venus has a highly polarized subcellular distribution where it is largely excluded from the motor neuron dendrites and is localized in a -type, cdk-5(ok626), cdk-5(gm336) , rescue animals (bottom panels). B, C, Quantification of INS-22::Venus puncta intensity (B) and density (C) in axons of wild-type (n ϭ 30), cdk-5(ok626) (n ϭ 25), cdk-5(gm336) (n ϭ 35), cdk-5 rescue (n ϭ 19), cdka-1(gm335) (n ϭ 23), and cdka-1 rescue (n ϭ 20) animals. D, Schematic diagram of a DB motor neuron (top panel). The boxed region denotes that the dendrite was imaged for data presented in D-F and J-L. Representative images of INS-22::Venus in DB dendrites of wild-type, cdk-5(ok626), cdk-5(gm336) , rescue animals are shown. For this and all other dendrite images, the white asterisk (*) indicates the position of a motor neuron cell body. E, F, Quantification of INS-22::Venus puncta intensity (E) and density (F ) in dendrites of wild-type (n ϭ 27), cdk-5(ok626) (n ϭ 19), cdk-5(gm336) (n ϭ 19), cdk-5 rescue (n ϭ 19), cdka-1(gm335) (n ϭ 15), and cdka-1 rescue (n ϭ 18) animals. G, Representative images of IDA-1::GFP in DB axons of young adult wild-type and cdk-5(gm336) mutant animals. H, I, Quantification of IDA-1::GFP puncta intensity (H ) and density (I ) in axons of wild-type (n ϭ 27) and cdk-5(gm336) (n ϭ 25) mutant animals. J, Representative images of IDA-1::GFP in DB dendrites of wild-type and cdk-5(gm336) mutant animals. K, L, Quantification of IDA-1::GFP puncta intensity (K ) and density (L) in dendrites of wild-type (n ϭ 23) and cdk-5(gm336) (n ϭ 25) mutant animals. punctate manner in the motor neuron axons (Fig. 2 A-F ) (Sieburth et al., 2007) . INS-22::Venus colocalizes with and adjacent to synaptobrevin in the axon (Sieburth et al., 2007) , consistent with electron microscopy findings that indicate that DCVs are broadly distributed at presynaptic sites and only slightly enriched at the active zone (Hammarlund et al., 2008) . Trafficking of INS-22::Venus to the axon requires the anterograde kinesin motor UNC-104/KIF1A, as has been shown for several other DCV markers and endogenous neuropeptides (Jacob and Kaplan, 2003; Zahn et al., 2004; Sieburth et al., 2005 Sieburth et al., , 2007 Barkus et al., 2008) .
To investigate whether CDK-5 regulates the polarized distribution of DCV cargo in C. elegans, we analyzed the distribution of INS-22::Venus-containing DCVs in DA and DB motor neurons in cdk-5(gm336) and cdk-5(ok626) mutant animals using quantitative fluorescence microscopy. Both cdk-5(ok626) and cdk-5(gm336) alleles are predicted null mutations (Juo et al., 2007) . We first imaged INS-22::Venus fluorescence in a posterior region of the dorsal nerve cord where it is only expressed in DB axons ( Fig. 1 A) and quantified the density and fluorescence intensities of INS-22::Venus puncta using custom-written software (see Materials and Methods) (Burbea et al., 2002) . INS-22::Venus puncta fluorescence intensities were decreased by ϳ35-40% ( p Ͻ 0.001) in the motor neuron axons of cdk-5(ok626) and cdk-5(gm336) mutant animals compared with wild-type controls ( Fig. 2 A, 
B).
We also analyzed the distribution of INS-22::Venus in DB motor neuron axons of animals with loss-of-function mutations in the activator of CDK-5, CDKA-1/p35. Similarly, we found that INS-22::Venus puncta fluorescence intensities decreased by ϳ33% ( p Ͻ 0.001) in cdka-1( gm335) loss-of-function mutants compared with wild-type controls ( Fig. 2 A, B) . There was no significant change in the density of INS-22::Venus puncta in DB motor neuron axons of cdk-5 or cdka-1 mutant animals ( Fig. 2C ). These results suggest that the abundance of INS-22-containing DCVs in the axons of DB motor neurons is regulated by CDK-5 and its activator CDKA-1/p35.
To determine whether the loss of INS-22::Venus fluorescence in the axon was caused by alterations in neuropeptide trafficking in cdk-5 mutants, we examined DB motor neuron cell bodies and dendrites for INS-22::Venus accumulation. We found no change in the abundance of INS-22::Venus in DB motor neuron cell bodies of cdk-5(gm336) mutants compared with controls (INS-22:: Venus fluorescence [normalized (norm.)] Ϯ SEM: WT, 1.00 Ϯ 0.04; cdk-5, 1.02 Ϯ 0.05; p Ͼ 0.05) (see Fig. 6 B, C); however, in the dendrites, we found a significant increase ( p Ͻ 0.001) in INS-22::Venus puncta density in cdk-5(ok626), cdk-5(gm336) , and cdka-1(gm335) mutants (Fig. 2 D, F ) . Furthermore, analysis of a DCV membrane marker, GFP-tagged IDA-1/IA-2 (insulinoma-associated protein 2) (Solimena et al., 1996; Cai et al., 2004; Zhou et al., 2007; Edwards et al., 2009) , in wild-type and cdk-5 mutants revealed similar defects in the polarized distribution of DCVs in DB motor neurons ( Fig. 2G-L) . These results indicate that CDK-5 and its activator CDKA-1/p35 regulate the polarized distribution of DCVs in DB motor neurons.
CDK-5 functions cell autonomously in motor neurons to regulate DCV polarity
To determine whether CDK-5 functions in motor neurons to regulate the polarized distribution of DCVs, we performed cell type-specific rescue experiments. We found that the changes in INS-22::Venus puncta fluorescence intensities and densities in DB axons and dendrites of cdk-5 mutants can be rescued by expression of wild-type cdk-5 cDNA under the control of a DA/DB motor neuron-specific promoter, Punc-129 (cdk-5 rescue) (Fig.  2 A-F ) (Sieburth et al., 2005) . Likewise, the increase in INS-22:: Venus puncta fluorescence intensity and density in DB dendrites of cdka-1 mutants can be rescued by expression of wild-type cdka-1 cDNA under the control of the unc-129 promoter (cdka-1 rescue) (Fig. 2 D-F -5] . These data show that mutations in cdk-5 result in defects in the polarized distribution of INS-22::Venus-containing DCVs in both DB and DA motor neurons. Interestingly, this result is in contrast to what was found for SVs, where CDK-5 was required for polarized SV trafficking in DA but not DB motor neurons (Ou et al., 2010) . We focused the rest of our study on DB motor neurons because (1) we can cleanly measure DCV signal in DB axons and dendrites, (2) cdk-5 mutants have a stronger DCV polarity defect in DB neurons, and (3) polarized trafficking has not been studied in detail in DB neurons.
CDK-5 does not affect axon/dendrite morphology or markers
The defect in the polarized distribution of DCVs observed in cdk-5 mutants could be due to defects in axon outgrowth or presynaptic development. To test this possibility, we analyzed the number and morphology of motor neurons in wild-type and cdk-5 mutants. We found no change in the number of motor neurons expressing INS-22::Venus under the control of the Punc-129 promoter (number of cell bodies Ϯ SEM: wild type, 10.2 Ϯ 0.2; cdk-5(gm336), 9.9 Ϯ 0.2; p Ͼ 0.05) or in the gross morphology of their axonal and dendritic processes (data not shown). In addition, since the density of INS-22::Venus puncta in the axons of these motor neurons is unchanged in cdk-5 and cdka-1 mutant animals compared with controls (Fig. 2C) , the number of presynaptic sites is likely unaltered. To further test for changes in presynaptic development, we examined the axonal distribution of the presynaptic active zone protein UNC-10/RIM-1. Fluorescently tagged UNC-10 (under the control of the Punc-129 promoter) localizes to synapses in the axons of DB motor neurons and is largely absent from the dendrites (Fig. 3 A, D ) (Sieburth et al., 2005) . We found no significant change in UNC-10::GFP puncta fluorescence intensity (Fig. 3B) or density ( Fig. 3C ) in DB motor neuron axons of cdk-5(gm336) mutants compared with wild-type controls. We also examined the distribution of the SV marker GFP::RAB-3 in cdk-5 mutants. GFP::RAB-3 localizes to synaptic sites in axons but not dendrites of wild-type DB motor neurons (Fig. 3E,H ) (Sieburth et al., 2005) , and this polarized distribution of SVs was unaltered in cdk-5 mutants (Fig. 3E,H) . We found no change in GFP::RAB-3 puncta density (Fig. 3G ) and no decrease in GFP::RAB-3 puncta intensity (Fig. 3F ) in cdk-5 mutant DB axons, and no increase in GFP::RAB-3 puncta in cdk-5 mutant DB dendrites (Fig. 3H ) compared with controls. These data are consistent with a recent study showing that cdk-5 mutants do not have decreased SVs at presynaptic sites in DB motor neurons (Ou et al., 2010) . These results suggest that the defect in the polarized distribution of DCVs observed in cdk-5 mutants is not due to gross defects in axonal development. Thus, CDK-5 is required for the polarized distribution of DCVs, but not SVs, in DB motor neurons.
The increased abundance of DCVs in motor neuron dendrites could be the result of a general defect in dendritic trafficking that could, for example, be caused by a loss of dendrite identity. We tested this possibility by analyzing the distribution of two markers that have been shown to localize to the somatodendritic domain of DB motor neurons, Fibrillin FBN-1:: GFP and the invertebrate GAP junction innexin protein UNC-9::GFP (Sieburth et al., 2005; Poon et al., 2008) . We found normal somatodendritic localization of both UNC-9::GFP and FBN-1::GFP in cdk-5 mutant animals, suggesting that a general defect in trafficking of dendritic proteins is unlikely (Fig. 3I-L) . Together, these data indicate that the DCV localiza- Representative images of UNC-10::GFP in DB axons of wild-type and cdk-5 mutant animals (bottom panels). B, C, Quantification of UNC-10::GFPpunctaintensity(B)anddensity(C)inaxonsofwild-type(nϭ21)andcdk-5(gm336)(nϭ20)mutantanimals.D,Schematic diagram of a DB motor neuron (top panel). The boxed region denotes that the dendrite was imaged for data presented in D, H, J, and L. RepresentativeimagesofUNC-10::GFPinDBdendritesofwild-typeandcdk-5(gm336)mutantanimals(bottompanels).E,Representative images of GFP::RAB-3 in DB axons of wild-type and cdk-5(gm336) mutant animals. F, G, Quantification of GFP::RAB-3 puncta intensity (F) anddensity(G)inaxonsofwild-type(nϭ22)andcdk-5(gm336)(nϭ21)mutantanimals.H,RepresentativeimagesofGFP::RAB-3inDB dendrites of wild-type and cdk-5(gm336) mutant animals. Values that differ significantly from wild-type (Student's t test) are denoted on graphs(*pՅ0.01).I,RepresentativeimagesofUNC-9::GFPinDBaxonsofwild-typeandcdk-5(gm336)mutantanimals.J,Representative imagesofUNC-9::GFPinDBdendritesofwild-typeandcdk-5(gm336)mutantanimals.K,RepresentativeimagesofFBN-1::GFPinDBaxons of wild-type and cdk-5(gm336) mutant animals. L, Representative images of FBN-1::GFP in DB dendrites of wild-type and cdk-5(gm336) mutant animals.
tion defect observed in cdk-5 mutants is not likely due to general defects in axon or dendrite development or the establishment and maintenance of axonal-dendritic polarity.
The effect of CDK-5 on DCV polarity is not likely a secondary consequence of synaptic transmission defects CDK-5 can regulate synaptic transmission in other systems (Dhavan and Tsai, 2001; Cheung et al., 2006) , and neuronal activity can regulate DCV trafficking (Shakiryanova et al., 2006 ). Thus, we tested whether the defect in the polarized distribution of DCVs in cdk-5 mutants was a secondary consequence of a role for CDK-5 in synaptic transmission. In C. elegans, we found that cdk-5 mutants have defects in synaptic transmission at the neuromuscular junction based on a behavioral paralysis assay using the acetylcholine esterase inhibitor aldicarb (Nguyen et al., 1995; Miller et al., 1996) . Specifically, we found that cdk-5 mutants have reduced sensitivity to aldicarb compared with wild-type animals [animals paralyzed on aldicarb at 180 min (percentage Ϯ SEM): WT, 98 Ϯ 1.6%; cdk-5(gm336), 45 Ϯ 0.74%], suggesting that cdk-5 mutants have reduced synaptic transmission at the neuromuscular junction. If the changes in DCV polarity observed in cdk-5 mutants were a secondary consequence of reduced synaptic transmission, then we would expect other synaptic transmission mutants to have similar defects in DCV polarity. Therefore, we analyzed whether INS-22::Venus-containing DCVs accumulate in motor neuron dendrites of unc-10(e102) mutants. UNC-10/ RIM-1 is a RAB-3 interacting protein involved in synaptic vesicle priming, and loss-of-function mutations in unc-10(e102) mutants have stronger defects in synaptic transmission than cdk-5 mutants based on the aldicarb paralysis assay [animals paralyzed on aldicarb at 180 min (percentage Ϯ SEM): WT, 98 Ϯ 1.6%; cdk-5(gm336), 45 Ϯ 0.74%; unc-10(e102), 3.3 Ϯ 3.3%] (Nguyen et al., 1995; Miller et al., 1996; Koushika et al., 2001) . We found that, in contrast to our results in cdk-5 mutants, there was no difference in the distribution of INS-22::Venus fluorescence in motor neuron dendrites of unc-10 mutants [dendritic puncta intensity (norm.) Ϯ SEM: WT, 1.0 Ϯ 0.06; unc-10, 0.87 Ϯ 0.07; p Ͼ 0.05; dendritic puncta density (per 10 m) Ϯ SEM: WT, 1.74 Ϯ 0.16; unc-10, 1.85 Ϯ 0.22; p Ͼ 0.05]. This result indicates that the defect in the polarized distribution of DCVs observed in cdk-5 mutant animals is not likely an indirect consequence of decreased synaptic transmission.
CDK-5 regulates microtubule polarity in motor neuron dendrites
Because the cytoskeleton plays a fundamental role in neuronal polarity and trafficking, we investigated whether CDK-5 affects microtubule orientation in DB motor neurons. In mammals, microtubules in the axon are oriented plus-end out from the cell body, whereas microtubules in the dendrite are of mixed polarity (Baas et al., 1988; Burton, 1988; Stepanova et al., 2003) . In Drosophila motor neurons and C. elegans amphid sensory neurons, while microtubules in the axon are also oriented plus-end out, the majority of microtubules in dendrites are minus-end out (Rolls et al., 2007; Stone et al., 2008; Maniar et al., 2012) . We used microtubule plus-end binding protein dynamics to determine the orientation of microtubules in axons and dendrites of DB motor neurons (Mimori-Kiyosue et al., 2000; Stepanova et al., 2003; Stone et al., 2008) . We used time-lapse microscopy and kymographs to analyze the movements of GFP-tagged EBP-1 (EBP-1::GFP), a C. elegans homolog of the microtubule plus-end binding protein EB1, in axons and dendrites of wild-type and cdk-5 mutants (see Materials and Methods). EBP-1::GFP puncta migrated at a velocity of 0.21 Ϯ 0.01 m/s, consistent with reports of EB1 motion in other systems (Mimori-Kiyosue et al., 2000; Morrison et al., 2002) . In wild-type DB axons, we found that microtubule orientation was predominantly (96%) plus-end out from the cell body (Fig. 4 A, B) , which is consistent with previous reports of axonal microtubule orientation in C. elegans, Drosophila, and mammals (Baas et al., 1988; Stepanova et al., 2003; Rolls et al., 2007; Stone et al., 2008; Maniar et al., 2012) . In wild-type DB dendrites, we found that the majority of microtubules (91%) were oriented minus-end out from the cell body (Fig. 4C,D) , which is similar to the dendritic microtubule orientation found in Drosophila motor neurons and C. elegans amphid sensory neurons (Rolls et al., 2007; Stone et al., 2008; Maniar et al., 2012) . In cdk-5 mutant axons, we found no change in the plus-end-out microtubule orientation compared with wild-type axons (Fig. 4 A, B) . However, in cdk-5 mutant dendrites, we found a significant increase ( p Ͻ 0.001) in the percentage of plus-endout microtubules compared with wild-type dendrites (Fig.  4C,D) . These results indicate that CDK-5 regulates microtubule polarity in DB motor neuron dendrites.
CDK-5 regulates DCV trafficking in axons and dendrites
Because changes in microtubule polarity could lead to changes in DCV trafficking and ultimately DCV polarity, we next investigated whether CDK-5 regulates the trafficking of DCVs in DB motor neurons. DCVs are highly mobile and move bidirectionally in a saltatory fashion in both axons and dendrites of C. . The boxed region denotes that the axon was imaged for data presented in A and B. Representative kymographs generated from a 25 s movie of EBP-1::GFP movement in the axon of wild-type and cdk-5(gm336) mutant animals (bottom panels). B, Quantification of percentage of plus-end-and minus-end-out microtubules in wildtype (n ϭ 76 puncta) and cdk-5 (n ϭ 93 puncta) mutant animals based on analysis of EBP-1::GFP movement in DB axons. C, Schematic diagram of a DB motor neuron (top panel). The boxed region denotes that the dendrite was imaged for data presented in C and D. Representative kymographs generated from a 25 s movie of EBP-1::GFP movement in the dendrite of wild-type and cdk-5(gm336) mutant animals (bottom panels). D, Quantification of percentage of plus-end-and minus-end-out microtubules in wild-type (n ϭ 107 puncta) and cdk-5 (n ϭ 195 puncta) mutant animals based on analysis of EBP-1::GFP movement in DB dendrites. Values that differ significantly from wild type ( 2 test, Yates' correction) are denoted on the graphs (**p Ͻ 0.001).
elegans, Drosophila, and mammalian neurons (Gauthier et al., 2004; Zahn et al., 2004; Barkus et al., 2008; de Jong et al., 2008; Kwinter et al., 2009) . Similarly, we observed a large fraction of INS-22::Venus puncta moving bidirectionally along motor neuron axons and dendrites (Fig. 5) . To gain insight into why the polarized distribution of DCVs is disrupted in cdk-5 mutant motor neurons, we performed time-lapse microscopy and kymograph analysis of mobile INS-22::Venus-containing vesicles in DB axon commissures and dendrites of wild-type and cdk-5 mutant young adult animals (see Materials and Methods). We used these kymographs to calculate the velocity of mobile DCVs and to quantitate the number of DCVs moving away from (anterograde) or toward (retrograde) the cell body. Although we were unable to calculate accurate velocities of DCVs in the axon commissure due to its curved trajectory, we found that, in wild-type dendrites, the average anterograde and retrograde DCV velocities were 1.29 Ϯ 0.07 and 0.97 Ϯ 0.05 m/s, respectively, which is in agreement with previous reports of DCV velocities in C. elegans and mammals (Zahn et al., 2004; Kwinter et al., 2009) .
Kymograph analysis of INS-22::Venus-containing DCVs in DB axon commissures revealed a decrease in the number of DCVs moving in the anterograde direction ( p Ͻ 0.05) and an increase in the number of stationary DCVs ( p Ͻ 0.001) in cdk-5 mutants compared with controls ( Fig. 5 A, B) . This trafficking defect correlates with a significant change ( p Ͻ 0.001) in the relative proportions of anterograde, retrograde, and stationary DCVs in cdk-5 mutants compared with controls ( Fig. 5C) , with no change in the total number of DCVs in the axon commissure [average number of total DCVs/kymograph Ϯ SEM: WT (n ϭ 23), 9.65 Ϯ 0.9; cdk-5(gm336) (n ϭ 25), 9.40 Ϯ 0.9; p Ͼ 0.05]. These data, together with the decrease in INS-22::Venus fluorescence at presynaptic sites in cdk-5 mutant axons (Fig. 2 A, B) , are consistent with the idea that CDK-5 promotes anterograde DCV trafficking in DB axon commissures.
We also observed changes in DCV trafficking in DB dendrites of cdk-5 mutants compared with wild-type controls (Fig. 5D-F ) . We discovered an increase in the total number of DCVs in dendrites of cdk-5 mutants [average number of total DCVs/kymograph Ϯ SEM: WT (n ϭ 34), 7.35 Ϯ 1.00; cdk-5 (n ϭ 36), 12.47 Ϯ 1.23; p Ͻ 0.01]. Consistent with this, we found an increase in the number of stationary DCVs ( p Յ 0.01), and an increase in the number of DCVs moving in both anterograde ( p Ͻ 0.05) and retrograde ( p Ͻ 0.05) directions in cdk-5 mutant dendrites (Fig.  5E ). However, there was no significant change ( p Ͼ 0.05) in the relative proportions of anterograde, retrograde, and stationary DCVs in cdk-5 mutant dendrites (Fig. 5F ). Histogram analysis of the distribution of DCV velocities revealed an increase in the number of anterograde DCVs moving at a velocity of ϳ1-1.5 m/s (Fig. 5G) . These results imply that, in both wildtype and cdk-5 mutant dendrites, DCVs are transported on a motor that travels at 1-1.5 m/s, but in cdk-5 mutants there are more DCV trafficking events on this motor. Together, these data suggest that cdk-5 mutants have increased DCVs in DB dendrites due to an increase in trafficking of DCVs into dendrites (i.e., anterograde trafficking), an increase in DCV accumulation (i.e., stationary DCVs), and a compensatory increase in retrograde DCV trafficking. Our time-lapse data, together with the increase in INS-22::Venus fluorescence in cdk-5 mutant dendrites (Fig.   2 D, F ) , are consistent with the idea that CDK-5 prevents trafficking of DCVs into DB dendrites.
We also used kymographs of INS-22::Venus movement to test whether cdk-5 mutants have defects in the packaging of neuropeptides into DCVs in addition to their defects in DCV trafficking. Our steady-state imaging data show that INS-22::Venus puncta fluorescence intensity changes in cdk-5 mutants (Fig. 2  and numbers reported in the text) . Because each DCV contains many molecules of INS-22::Venus, changes in fluorescence intensity could represent either changes in the number of DCVs in each cluster (i.e., puncta) or changes in the amount of INS-22::Venus neuropeptides contained in each DCV. To distinguish between these possibilities, we measured the fluorescence intensity of mobile versus stationary INS-22::Venus puncta. Assuming that mobile puncta likely represent single DCVs, this analysis allows us to estimate the amount of INS-22::Venus neuropeptide contained in each DCV in wild-type and cdk-5 mutants. Histogram analysis of INS-22::Venus puncta fluorescence of mobile versus stationary puncta in wild-type and cdk-5 mutants supports the idea that cdk-5 mutants have changes in the number of DCVs in each cluster (Fig. 5H ) . First, the average INS-22::Venus fluorescence intensity of mobile puncta was not altered in cdk-5 mutants compared with wild-type controls [average puncta intensity (norm.) Ϯ SEM: wild type, 1.0 Ϯ 0.02; cdk-5, 0.95 Ϯ 0.02; p Ͼ 0.05] (Fig. 5H ) . Second, INS-22::Venus fluorescence intensities of stationary puncta in cdk-5 mutants shifted to higher values, revealing multiple peaks with increased fluorescence intensities compared with the intensities of mobile puncta (Fig. 5H ) . Assuming that mobile puncta largely represent single DCVs (see Materials and Methods), these data are consistent with the idea that changes in INS-22::Venus puncta fluorescence observed in cdk-5 mutant axons and dendrites are not due to changes in INS-22::Venus packaging, but likely represent changes in the number of DCVs per cluster. Thus, our data suggest that CDK-5 regulates polarized trafficking of DCVs in motor neurons. Together, our time-lapse analysis of DCVs in axons and dendrites are consistent with a model in which CDK-5 regulates the polarized distribution of DCVs by both promoting DCV trafficking in axons and inhibiting DCV trafficking into dendrites.
Role of kinesin UNC-104/KIF1A in DCV trafficking
The increase in anterograde DCV trafficking and plus-end-out microtubules in cdk-5 mutant dendrites raises the question of whether a plus-end-directed axonal motor, such as UNC-104/ KIF1A (Hall and Hedgecock, 1991) , is responsible for trafficking DCVs into dendrites. The kinesin UNC-104/KIF1A is required for the transport of DCVs to axons in C. elegans and Drosophila and has been reported to localize to dendrites as well as axons (Zhou et al., 2001; Jacob and Kaplan, 2003; Shin et al., 2003; Zahn et al., 2004; Sieburth et al., 2005; Pack-Chung et al., 2007; Barkus et al., 2008) . In addition, a recent study showed that, in PVD sensory neurons in C. elegans, UNC-104 is responsible for mistrafficking axonal cargo into dendrites of unc-33/CRMP mutant animals (Maniar et al., 2012) . We tested whether the increase in dendritic DCVs observed in cdk-5 mutants was dependent on UNC-104 by analyzing cdk-5;unc-104 double-mutant animals. Consistent with its role in axonal DCV transport, we found little to no INS-22::Venus fluorescence in motor neuron axons (Fig. 6 A) and a corresponding increase in the amount of INS-22::Venus in the cell bodies and dendrites of unc-104(e1265) loss-of-function mutants (Fig. 6 B-F ) (Sieburth et al., 2005) . If UNC-104-dependent trafficking is responsible for the increased accumulation of DCVs in cdk-5 mutant dendrites, then this increase should be blocked by unc-104 mutations. In contrast, we found a significant increase in INS-22::Venus fluorescence intensity in cdk-5;unc-104 double-mutant dendrites compared with either single mutant or wildtype controls (Fig. 6E) . However, we did not observe a corresponding additive increase in INS-22::Venus puncta density in the double mutants (Fig. 6F) . These data, together with our histogram analysis of INS-22::Venus content in DCVs (Fig. 5H) , suggests that the number of DCV accumulation sites in cdk-5;unc-104 double-mutant dendrites may have reached its upper limit and that the further increase in intensity represents the addition of more DCVs to existing clusters. Thus, the increased abundance of INS-22:: Venus fluorescence in cdk-5;unc-104 doublemutant dendrites suggests that kinesin UNC-104 is not required for the DCV accumulation in cdk-5 mutant dendrites. Interestingly, the accumulation of DCVs in the cell bodies of unc-104 mutants decreased in unc-104;cdk-5 double mutants concomitantly with the increase in the dendrites (Fig. 6 B, C) . These results suggest that CDK-5 may function at the cell body to inhibit trafficking of DCVs into dendrites.
The increase in DCVs observed in cdk-5 mutant dendrites requires cytoplasmic dynein Because mutations in unc-104 did not block the DCV polarity defect in cdk-5 mutants and the majority (67%) of microtubules in cdk-5 mutant dendrites are still oriented minus-end out from the cell body, we tested whether the major minusend-directed motor, cytoplasmic dynein, was responsible for trafficking DCVs into cdk-5 mutant dendrites. Cytoplasmic dynein has been shown to traffic DCVs carrying BDNF and has recently been shown to traffic presynaptic and postsynaptic cargoes into dendrites (Gauthier et al., 2004; Colin et al., 2008; Kapitein et al., 2010; Ou et al., 2010) . We found that lossof-function mutations in the heavy chain of dynein, dhc-1(js319) (Koushika et al., 2004) , or light-intermediate chain of dynein, dli-1(ku266) (Yoder and Han, 2001) , completely block the increase in DCVs in cdk-5 mutant dendrites (Fig.  7 D, F ) (data not shown) . This result indicates that cytoplasmic dynein is required for the increase in DCVs observed in the dendrites of cdk-5 mutants.
Our results show that CDK-5 regulates two aspects of neuronal polarity: polarized DCV trafficking and microtubule . The boxed region denotes that the axon commissure was imaged for data presented in A-C. Representative kymographs generated from 20 s movies of INS-22::Venus puncta movement in DB axon commissures of wildtype and cdk-5(gm336) mutant animals (bottom panels). B, Quantification of the average number of INS-22::Venus puncta moving anterogradely, retrogradely, or remaining stationary in each kymograph from wild-type (n ϭ 23) and cdk-5 (n ϭ 25) mutant axon commissures. C, Quantification of the direction of INS-22::Venus puncta movement as a percentage of total puncta, in wild-type (n ϭ 257 puncta) and cdk-5 (n ϭ 258) mutant axon commissures. D, Schematic diagram of a DB motor neuron (top panel). The boxed region denotes that the dendrite was imaged for data presented in D-H. Representative kymographs generated from 20 s movies of INS-22::Venus movement in DB dendrites of wild-type and cdk-5(gm336) mutant animals (bottom panels). E, Quantification of the average number of INS-22::Venus puncta moving anterogradely, retrogradely, or remaining stationary in each kymograph from wild-type (n ϭ 26) and cdk-5 (n ϭ 29) mutant dendrites. orientation. Because dynein motor function has been reported to be required for the uniform plus-end-out microtubule orientation in Drosophila axons (Zheng et al., 2008) , and microtubule organization in non-neuronal cells (Smith et al., 2000) , we investigated whether the effects of CDK-5 on neuronal polarity were related. Specifically, we tested whether dynein mutations suppress the change in microtubule orientation observed in cdk-5 mutant dendrites by analyzing kymographs of EBP-1::GFP dynamics in DB axons and dendrites of dhc-1 single and cdk-5;dhc-1 double mutants. We found no significant changes in the plusend-out microtubule orientation in axons of dhc-1 single or dhc-1;cdk-5 double mutants (Fig. 7G) . Similarly, we found no differences in the largely minus-end-out microtubule orientation in dendrites of dhc-1 mutants compared with wild-type controls (Fig. 7H ) . Finally, there was no significant difference ( p Ͼ 0.05) between the increased proportion of plus-end-out microtubules observed in cdk-5 single-and cdk-5;dhc-1 double-mutant dendrites (Fig. 7H ) . These results suggest that the dhc-1(js319) dynein mutation does not affect microtubule orientation in DB axons and dendrites. Thus, the ability of the dhc-1(js319) dynein mutation to suppress the accumulation of DCVs in cdk-5 mutant dendrites cannot be attributed to potential effects of dynein on microtubule polarity, and our findings are more consistent with a model in which CDK-5 inhibits dyneindependent trafficking of DCVs into dendrites.
We next analyzed the role of dynein in DB axons of wild-type and cdk-5 mutant animals. We found a significant increase in INS-22::Venus puncta fluorescence intensity in dhc-1 single-mutant axons (Fig.  7 A, B) , consistent with a role for dynein in retrograde DCV trafficking in the axon. As described above, cdk-5 single mutants have decreased abundance of DCVs in DB axons (Figs. 2 A, B, 7A, B) . If the decrease in axonal DCVs observed in cdk-5 mutants was mediated by dynein, then this decrease should be blocked by mutations in dynein. However, we found that dhc-1 mutation only partially suppressed the decrease in DCV accumulation observed in cdk-5 mutant axons (Fig. 7 A, B) . This result suggests that in DB motor neuron axons CDK-5 and dynein may function in separate pathways to regulate DCV accumulation. This result is consistent with our time-lapse analysis showing that CDK-5 does not inhibit retrograde DCV trafficking in axons but rather promotes anterograde DCV trafficking (Fig. 5B) . However, because the dhc-1(js319) allele is not a null mutation, we cannot exclude the possibility that the partial effect of dhc-1 mutation on DCV trafficking in cdk-5 mutant axons may be due to an incomplete loss of dynein function.
Dynein is required for increased trafficking of DCVs in cdk-5 mutant dendrites
Our time-lapse analysis of DCV movement shows that cdk-5 mutants have increased numbers of mobile (anterogradely and retrogradely moving DCVs) and stationary DCVs in dendrites (Fig. 5E ). To investigate whether dynein regulates DCV trafficking in dendrites, we performed time-lapse analysis of mobile INS-22::Venus puncta in dhc-1 single and cdk-5;dhc-1 double mutants. We found a significant decrease in the number of DCVs moving in the anterograde and retrograde directions in dhc-1 single-mutant dendrites (Fig. 8 A) . These data indicate that dynein is required for DCV trafficking in the dendrites of wild-type animals. Furthermore, dhc-1 mutation blocked the increase in anterograde and retrograde DCV trafficking (Fig. 8 A) and total number of DCVs observed in cdk-5 mutant dendrites (number of DCVs/kymograph: WT, 7.35 Ϯ 1.00; cdk-5, 12.47 Ϯ 1.23; dhc-1, 3.43 Ϯ 0.52; cdk-5;dhc-1, -type, cdk-5(gm336), unc-104(e1265) , and cdk-5;unc-104 doublemutant animals (bottom panels). C, Quantification of INS-22::Venus fluorescence intensity in DB cell bodies of wild-type (n ϭ 24), cdk-5 (n ϭ 14), unc-104 (n ϭ 11), and cdk-5;unc-104 (n ϭ 14) double-mutant animals. D, Schematic diagram of a DB motor neuron (top panel). The boxed region denotes that the dendrite was imaged for data presented in D-F. Representative images of INS-22::Venus in DB dendrites of wild-type, cdk-5(gm336), unc-104(e1256) , and cdk-5;unc-104 double-mutant animals (bottom panels). E, F, Quantification of INS-22::Venus puncta intensity (E) and density (F ) in DB dendrites of wild-type (n ϭ 27), cdk-5 (n ϭ 19), unc-104 (n ϭ 18), and cdk-5;unc-104 (n ϭ 18) animals. Values that differ significantly (Tukey-Kramer test) from wild type (marked by asterisks above each bar) or from other genotypes (comparisons marked by brackets) are denoted on the graphs (**p Ͻ 0.001; n.s., p Ͼ 0.05).
5. 96 Ϯ 1.2; cdk-5;dhc-1 vs cdk-5, p Ͻ 0.001; cdk-5;dhc-1 vs wt and dhc-1, p Ͼ 0.05) . These results are consistent with our steady-state imaging data in cdk-5;dhc-1 double mutants (Fig.  7 D, F ) and suggest that dynein is required for anterograde DCV trafficking in dendrites. Although dynein may also participate in retrograde DCV trafficking, the decrease in the total number of DCVs in dendrites of cdk-5;dhc-1 double mutants (Fig. 7 D, F ) suggest that changes in retrograde trafficking may be a secondary consequence of decreased anterograde DCV trafficking. Thus, our data suggest a model in which CDK-5 inhibits anterograde trafficking of dynein in general, or more specifically, inhibits trafficking of dynein-DCV complexes into dendrites. -type, cdk-5(gm336), dhc-1(js319) , and cdk-5;dhc-1 double-mutant animals (bottom panels). E, F, Quantification of INS-22::Venus puncta intensity (E) and density (F ) in dendrites of wild-type (n ϭ 27), cdk-5 (n ϭ 19), dhc-1 (n ϭ 12), and cdk-5;dhc-1 (n ϭ 19) animals. G, Quantification of percentage plus-end-out and minus-end-out microtubules in DB axons of wild-type (n ϭ 76 puncta), cdk-5(gm336 ) (n ϭ 93), dhc-1(js319) (n ϭ 36), and cdk-5;dhc-1(n ϭ 61) double mutants based on analysis of EBP-1::GFP movement in axons. H, Quantification of percentage plus-end-out and minus-end-out microtubules in DB dendrites of wild-type (n ϭ 107 puncta), cdk-5(gm336) (n ϭ 195), dhc-1(js319) (n ϭ 60), and cdk-5;dhc-1 (n ϭ 218) double-mutant animals based on analysis of EBP-1::GFP movement in dendrites. Values that differ significantly [Tukey-Kramer test (B, C, E, F ) and 2 test (G, H )] from wild type (marked by asterisks above each bar) or from other genotypes (comparisons marked by brackets) are denoted on the graphs (**p Ͻ 0.001; *p Ͻ 0.01; # p Ͻ 0.05; n.s., p Ͼ 0.05).
To test whether CDK-5 inhibits general trafficking of dynein into dendrites, we analyzed the distribution of a dyneinassociated protein, GFP-tagged dynein light-intermediate chain (DLI-1::GFP) (Arimoto et al., 2011) , in DB dendrites of wild-type and cdk-5 mutants. We found that the distribution of DLI-1::GFP was diffuse throughout most of the dendrite, but accumulated at the distal tips of DB dendrites, consistent with their predominantly minus-end-out microtubule orientation and DLI-1 association with dynein. We found no change in the amount of DLI-1::GFP fluorescence at the distal dendrite tips in cdk-5 mutants compared with wild-type controls (Fig. 8 B, C) . Thus, CDK-5 may not regulate overall trafficking of dynein into dendrites, but may have a more specific effect on the trafficking of DCVs by dynein. Together, these results suggest that cytoplasmic dynein is required for the increased trafficking and accumulation of DCVs in cdk-5 mutant dendrites, and are consistent with a model in which CDK-5 inhibits loading of DCVs onto dynein or trafficking of dynein-DCV complexes into dendrites.
Discussion
CDK-5 regulates polarized trafficking of DCVs
We investigated the role of CDK-5 in neuronal polarity and found that CDK-5 and its activator CDKA-1/p35 are required for the polarized distribution of neuropeptide-containing DCVs in DA and DB cholinergic motor neurons (Fig. 2) . Time-lapse microscopy of mobile DCVs in DB neurons revealed that cdk-5 mutation results in decreased trafficking of DCVs into axons and increased trafficking and accumulation of DCVs in dendrites (Fig. 5) . In DB neurons, this polarity defect appears to be specific for DCVs because cdk-5 mutants had no obvious defect in the polarized distribution of axonal markers, such as SVs, or dendritic markers (Fig. 3) . There are several potential models to explain the mechanism by which CDK-5 regulates polarized DCV trafficking as follows.
First, the axonal DCV motor UNC-104 mistraffics into dendrites in cdk-5 mutants. In unc-104 mutants, DCVs do not traffic properly to axons and accumulate in motor neuron cell bodies and dendrites (Fig. 6) (Sieburth et al., 2005) . If this model were correct, then genetically removing unc-104 in cdk-5 mutants should not increase the DCV trafficking defect of cdk-5 single mutants. Instead, we found that cdk-5;unc-104 double mutants had an increased abundance of DCVs in dendrites compared with either single mutant (Fig. 6 D-F ) . Thus, we think this model is unlikely.
Second, DCVs are trafficked to both axons and dendrites and CDK-5 promotes retrograde trafficking of DCVs from dendrites back to the cell bodies. If this model were correct, then cdk-5 mutants should have decreased numbers of retrogradely moving DCVs in dendrites. Our time-lapse analysis of mobile DCVs showed that cdk-5 mutants do not have decreased retrograde DCV trafficking but instead have increased amounts of DCV trafficking in dendrites (Fig. 5E) , suggesting that this model is also unlikely.
Third, CDK-5 positively regulates axonal trafficking of DCVs on kinesin UNC-104. For example, CDK-5 might directly promote the loading of DCVs onto UNC-104 or promote anterograde trafficking of UNC-104 into axons. If this model were correct, then cdk-5 mutants should have decreased anterograde DCV trafficking in the axon and cdk-5;unc-104 double mutants should have a nonadditive effect on DCVs in the dendrites. Consistent with this model, we found that cdk-5 mutants have decreased anterograde DCV trafficking in axon commissures (Fig.  5B) ; however, we also found that cdk-5;unc-104 double mutants have additive increases in DCVs in dendrites (Fig. 6 D-F ) . Thus, CDK-5 appears to promote UNC-104-dependent anterograde trafficking of DCVs in axons; however, our genetic data suggest that this cannot be the only mechanism by which CDK-5 regulates DCV polarity.
Fourth, CDK-5 inhibits the transport of DCVs into dendrites. Our data are also consistent with this model. First, cdk-5 mutants have increased amounts of DCVs trafficking into and accumulating in dendrites (Figs. 2, 5) . Second, the cell body accumulation of DCVs observed in unc-104 single mutants is reduced to wild-type levels in cdk-5;unc-104 double mutants along with a concomitant increase of DCVs in dendrites (Fig. 6) . Third, mutations in the minus-end-directed motor cytoplasmic dynein completely block the increased trafficking of DCVs in cdk-5 mutant dendrites (Figs. 7, 8) .
In summary, our data support a model in which CDK-5 regulates DCV polarity by both promoting axonal DCV trafficking and inhibiting dendritic DCV trafficking. The boxed region denotes that the dendrite was imaged for data presented in A. Quantification of the direction of INS-22::Venus puncta movement in DB dendrites of wild-type (n ϭ 34), cdk-5(gm336) (n ϭ 36), dhc-1(js319) (n ϭ 21), and cdk-5;dhc-1 (n ϭ 29) double-mutant dendrites (bottom panel). B, Schematic diagram of a DB motor neuron (top panel). The boxed region denotes that the distal dendrite tip was imaged for data presented in B and C. Representative images of GFP::DLI-1 accumulations at the distal tip of DB7 dendrites in wild-type and cdk-5(gm336) mutant animals (bottom panels). C, Quantification of GFP::DLI-1 puncta intensity at the tip of DB7 dendrites in wild-type (n ϭ 29) and cdk-5 (n ϭ 23) mutant animals. Values that differ significantly (Tukey-Kramer test) from wild type (marked by symbols above each bar) or from other genotypes (comparisons marked by brackets) are denoted on the graphs (**p Ͻ 0.001; # p Ͻ 0.05; ns, p Ͼ 0.05).
CDK-5 regulates microtubule polarity
This study also identifies CDK-5 as a novel regulator of microtubule polarity. We used the microtubule plus-end binding protein EBP-1 to describe the orientation of microtubules in cholinergic motor neurons and found that, in wild-type animals, DB axons have predominantly plus-end-out microtubule polarity, whereas DB dendrites have a slightly less uniform orientation with the vast majority of microtubules being oriented with their minus-ends distal to the cell body (Fig. 4) . These results are consistent with the microtubule polarity inferred from analysis of tailless motors in DA motor neurons (Ou et al., 2010) , and of EB protein dynamics in amphid sensory neurons in C. elegans (Maniar et al., 2012) and Drosophila (Rolls et al., 2007; Stone et al., 2008; Zheng et al., 2008) . Although cdk-5 mutants do not affect microtubule orientation in DB motor neuron axons (Fig. 4 A, B) , we found, surprisingly, that cdk-5 mutants have an increase in plus-end-out microtubules in DB dendrites (Fig. 4C,D) . While the precise molecular mechanism involved is not known, it will be interesting to test in future studies whether the effect of CDK-5 on microtubule polarity is mediated by its ability to phosphorylate microtubuleassociated proteins (Wada et al., 1998; Patrick et al., 1999; Dhavan and Tsai, 2001; Tanaka et al., 2004; Hou et al., 2007; Kaminosono et al., 2008) . Because CDK-5 affects the polarized trafficking of DCVs and microtubule orientation, we tested whether these two polarity effects were related. Our data suggest that the effect of CDK-5 on microtubule polarity cannot explain the increased trafficking of DCVs into dendrites. Dynein mutations completely block the increased trafficking and accumulation of DCVs in cdk-5 mutant dendrites (Figs. 7, 8 ) without affecting the cdk-5-dependent change in microtubule polarity (Fig. 7H ) . Interestingly, the normal polarized distribution of several axonal and dendritic markers (Fig. 3) and the normal accumulation of the dynein complex protein DLI-1::GFP at the distal tips of dendrites in cdk-5 mutants (Fig. 8 B, C) , suggest that these mutants do not have gross defects in polarized transport. Thus, robust and redundant cellular mechanisms may exist to establish and maintain neuronal polarity. Alternatively, the magnitude of the effect of CDK-5 on microtubule polarity may not be large enough to result in obvious polarity defects, or the effect of cdk-5 on microtubule orientation may result in defects in the polarized trafficking of other cargo or aspects of neuronal polarity that we did not examine.
Comparison of SV and DCV trafficking by CDK-5
SVs are also trafficked in a polarized manner to presynaptic sites in axons and many genes and mechanisms involved in this trafficking have been described in cultured hippocampal neurons (West et al., 1997) and C. elegans motor neurons (Byrd et al., 2001; Crump et al., 2001; Sakamoto et al., 2005; Tanizawa et al., 2006; Hung et al., 2007; Sakaguchi-Nakashima et al., 2007; Poon et al., 2008; Ou et al., 2010; Ou and Shen, 2011) . A recent study showed that CDK-5 regulates the polarized trafficking of SV precursors to axons by inhibiting cytoplasmic dynein (Ou et al., 2010) . Similarly, we found that polarized DCV trafficking is also dependent on CDK-5 and dynein. Thus, despite the differences between SVs and DCVs, CDK-5 can promote the polarized trafficking of both vesicle types. There are several interesting differences between CDK-5 regulation of SV and DCV polarity. First, Ou et al. (2010) found that CDK-5 was required for polarized trafficking of SVs in DA class motor neurons but, surprisingly, not in DB class motor neurons (Ou et al., 2010) . In contrast, we found that the polarized distribution of DCVs requires cdk-5 in both DA and DB motor neurons. The precise reason for this difference is not clear. However, these studies suggest that SV polarity is regulated by multiple and redundant mechanisms that differ between DA and DB neurons, whereas DCV polarity requires CDK-5 activity in both cell types. Second, Ou et al. (2010) used time-lapse analysis of SVs in DA axons to show that CDK-5 inhibits trafficking of SVs back to the cell body in a dyneindependent manner (Ou et al., 2010) . In contrast, we found that CDK-5 functions to promote DCV trafficking in DB axons, suggesting that CDK-5 may promote loading of DCVs onto UNC-104 or trafficking of UNC-104-DCV complexes into axons. While positive regulation of UNC-104 by CDK-5 does not appear to be relevant for SV polarity in DA axons, CDK-5 can promote UNC-104-dependent trafficking in axons of GABAergic DD motor neurons (Park et al., 2011) . In addition to promoting axonal DCV trafficking, we show that CDK-5 also prevents trafficking of DCVs into DB dendrites in a dynein-dependent manner. These data are consistent with the idea that CDK-5 may prevent the trafficking of DCVs into dendrites either by inhibiting the loading of DCVs onto dynein or by inhibiting trafficking of dynein-DCV complexes into dendrites. One simple model that may explain these two effects of CDK-5 on DCV trafficking in DB axons and dendrites would be as follows: CDK-5 phosphorylates a protein (e.g., a specific DCV adaptor), which then promotes association of DCVs with UNC-104 in the cell body and also inhibits association with dynein. In this manner, CDK-5 phosphorylation of this DCV-specific protein would act as a switch to both promote trafficking of DCVs into axons and inhibit trafficking of DCVs into dendrites. By analogy, CDK-5 might phosphorylate a SV-specific protein to differentially regulate its polarized trafficking. Further experiments will be necessary to identify the relevant SV-and DCV-specific proteins to test this model.
In closing, while CDK-5 can regulate the polarized trafficking of SV precursors and DCVs destined for axons, the dependence on CDK-5 and the precise trafficking mechanisms involved appear to differ between neuronal cell types and vesicular cargos. Because DCVs are diverse and can transport cargo destined for secretion in dendrites, much remains to be learned about the molecular mechanisms involved in trafficking of different DCV populations to specific destinations.
